Objective: To assess whether Ramadan intermittent fasting (RIF) affects 5000-m running performance and physiological parameters classically associated with middle-distance performance.
INTRODUCTION
Ramadan is the ninth month of the Islamic calendar. During Ramadan, Muslims refrain from consuming food and drink from dawn to sunset. Elderly subjects or those who suffer from a disability or disease can be exempt from fasting; however, athletes are not. Thus, the possible influence of Ramadan intermittent fasting (RIF) on exercise performance is of interest to Muslim athletes. During the past decade, several studies have assessed the impact of RIF on physiological and psychological factors relating to performance. 1, 2 In one of the first studies on this topic, Bigard et al 3 observed a significant decrease in maximum isometric strength of the elbow flexors (212%), muscular endurance (222%), orthostatic tolerance, body mass (22.7%), and plasma volume (27%) during Ramadan fasting. Moreover, Zerguini et al 4 reported a reduction in agility, dribbling speed, and endurance of football players resulting from RIF, which was related to changes in sleep patterns, food intake, and/or motivation level of the subjects. Although Ramadan fasting is often associated with a decrease in performance, descriptive data from a number of recent studies has shown large individual variations in physiological parameters, with relatively little difference between fasting and nonfasting individuals.
2,4-13 Therefore, further research is needed to determine the effect of RIF on factors affecting performance during events of varying distance and intensities. Indeed, to the best of our knowledge, only 1 recent study has examined the effect of RIF on longduration exercise performance 1 and no study has investigated the effect of RIF on middle-distance performance.
Thus, the influence of Ramadan fasting on performance during middle-distance events remains unclear, especially in well-trained athletes. Maximal oxygen uptake, anaerobic power, running economy, and muscle strength are often suggested to be the most important physiological factors dictating middle-distance performance. [14] [15] [16] [17] [18] Therefore, the aim of this study was to assess the effect of RIF on 5000-m running performance and factors classically associated with middledistance performance. We hypothesized that the alteration in muscle force and endurance performance previously reported in the literature would lead to a decrease in the middle-distance running performance in fasting individuals.
METHODS

Experimental Approach to the Problem
The testing sessions were performed the week before Ramadan (S1) and the last week of the fasting period (S2). During each session, a total of 4 tests were performed in the same order on 3 days separated by 24 hours (Figure) . Participants performed an incremental running test, followed by a maximal leg extension-flexion exercise on an isometric ergometer, running trials of 2 3 6 minutes at an intensity corresponding to the first ventilatory threshold (VT 1 ), and a 5000-m running time trial. To minimize the influence of diurnal variation, each subject performed testing sessions at the same time of day. During the period of the study, a quantitative assessment of dietary intake was provided by means of a 7-day food record. The food records were analyzed using dietary analysis software (Nutrilog 1.20b software; Nutrilog, Marans, France) employing the Ciqual table of food composition. This analysis takes into account the loss of the vitamins induced by the cooking preparation but not those induced by the transport, storage, and reheating of the food.
Subjects
Eighteen well-trained Muslims runners (age, 23.6 6 2.9 years; height, 179 6 2.6 cm; weight, 64 6 2.3 kg) participated in this study. They were chosen according to their religious practice and thus nonrandomly divided in 1 fasting group (n = 9) and 1 control group (n = 9). The individuals selected were well-trained distance runners regularly competing in 1500, 5000, or 10 000-m events. Subjects were all training and living in France at the time of testing. During the testing period, training of the subjects was standardized. Training consisted of 3 separate training sessions per week, which comprised the following: (1) 30-minute slow running followed by intermittent run (30 seconds exercise vs 30 seconds test) at the maximal aerobic speed (100% MAS), (2) 30 minutes of slow running followed by 2 3 6 3 300 m at 100% MAS, and (3) 20 minutes of slow running followed by 4 3 4 minutes at the specific competition running speed of each athlete.
Anthropometric Measurements
Before and after Ramadan, anthropometric parameters were recorded by the same investigator. Body mass and skinfold thickness were measured to give an indication of individuals' fat mass and fat-free mass. While wearing light clothing but no shoes participants were weighed using an AMTI force platform (Biometrics France, Orsay, France). Skin-fold thickness at 4 sites (biceps, triceps, subscapular, and suprailiac) was measured in triplicate at the left side of the body, as described by Durnin and Womersley 19 using Holtain skinfold calipers (Holtain, Ltd, Crosswell, United Kingdom).
Incremental Running Test
Before and after Ramadan, each participant performed an incremental running test to exhaustion on a motorized treadmill to determine maximal oxygen uptake ( _ VO 2 max) and ventilatory thresholds (VT 1 and VT 2 ). Participants began the test at 12 km/h for a period of 3 minutes, after which the speed increased 1 km/h every 3 minutes. 20 Oxygen uptake ( _ VO 2 ) and expiratory flow ( _ VE) were recorded breath by breath with a telemetric gas exchange measurement system (Cosmed K4b 2 ; Cosmed, Rome, Italy). Before the test, the gas analyzer was calibrated according to the manufacturer's guidelines. Heart rate (HR) values were monitored every second using a Polar heart rate monitor (RS800sd; Polar Electro, Kempele, Finland). Expired gases and HR values were subsequently averaged every 5 seconds. _ VO 2 max was defined as the as the highest _ VO 2 value achieved over a 30-second period according to the criteria described by Howley et al, 21 that is, a plateau in _ VO 2 despite an increase in running speed (ie, an increase in _ VO 2 of less than 2.1 mLÁmin
21
Ákg
21 suggested that _ VO 2 had leveled off and that _ VO 2 max had been achieved), a respiratory exchange ratio greater than 1.15, and a HR more than 90% of the predicted maximal HR. Most subjects met our criteria for maximal exercise effort (respiratory exchange ratio . 1.15, 100%; 97% HR more than 90% of the predicted HRmax); however, the proportion of runners attaining a _ VO 2 max plateau was lower (ie, 75%). The VT 1 was determined according to criteria previously described by Wasserman. 22 Briefly, VT 1 was defined as an increase in the ventilatory equivalent for oxygen ( _ V/ _ VO 2 ) with no concomitant increase in the ventilatory equivalent for carbon dioxide ( _ VE/ _ VCO 2 ) and the departure from linearity of _ VE. The VT 2 was established using the criteria of an increase in both _ VE/ _ VO 2 and _ VE/ _ VCO 2 . Visual determination was performed by 2 investigators in a blinded manner. If there was disagreement, the opinion of a third investigator was sought.
Maximal Voluntary Isometric Contraction Testing
On a separate day to the incremental running test, participants performed a maximal voluntary isometric knee extension test on an isokinetic ergometer (Biodex Medical, Shirley, New York.). The knee extension test was performed using the participant's dominant leg. Before the test, participants were placed in a seated position and were securely strapped into the test chair with a 110°hip angle and a 90°k nee angle (0°was full leg extension). Before maximal voluntary contraction (MVC) assessment, a 5-minute isometric warm-up was performed. The intensity of the warm-up contractions was self-selected but gradually increased. The subjects were asked to perform 3 maximal isometric contractions of 5-second duration, each separated by 2-minute rest. The best performance of the 3 trials was defined as the maximal isometric voluntary contraction.
Muscle Electromyography
During MVCs, electromyography (EMG) recordings were taken from vastus lateralis muscle (VL). To replicate the same measure, predetermined landmarks were used as a guideline for electrode placement (12 cm from the superior border of the patella for VL). 23 The subjects were prepared for placement of EMG electrodes by shaving the skin of each electrode site, cleaning it carefully with alcohol swab, and lightly abrading it to maintain a low interelectrode resistance of ,1000 V. Pairs of Ag/AgCl pregelled surface electrodes (Blue Sensor, Q-00-S; Medicotest, Copenhagen, Denmark) of 40-mm diameter with a center-to-center distance of 25 mm were applied. A ground electrode was placed on a bony site over the right anterior superior spine of the iliac crest. Electromyography signals were preamplified close to detection site (common mode rejection ratio = 100 dB; Z input = 10 GV; gain = 600, bandwidth frequency = 6-1600 Hz). Before acquisition, a thirdorder, zero-lag Butterworth antialiasing filter at 500 Hz was applied. Data were digitized through an acquisition board (DT 9800-series; Data Translation, Marlboro, Vermont) and stored on a computer to be analyzed using custom-written addon software (Origin 6.1; OriginLab, Northampton, Massachusetts). The power spectrum density function was calculated by a fast Fourier transformation algorithm for each MVC. To standardize analysis, the spectrum was computed over a 500-millisecond plateau after the peak force had been reached. The final result of this signal analysis includes root mean square and median frequency (MF).
Running Efficiency and Running Performance
To calculate running efficiency, subjects performed 2 running exercises separated by 20 minutes. Each running exercise was comprised of 6-minute running at 60% VT 1 , followed after 5-minute rest by a 6-minute running exercise at VT 1 . One hour after running, subjects performed a self-paced 5000-m running time trial on a 400-m track. The only instruction the given to the athlete was to perform the 5000-m run as fast as possible. Three minutes after the 5000-m run, a capillary blood sample was collected from the participant and assessed for blood lactate concentration using Lactate Pro blood lactate analyzer.
Data Analysis
Classically, changes in locomotion efficiency can be evaluated during dynamic exercise by analyzing oxygen uptake during a submaximal exercise. 24 Within this framework, during the past decade, it has been well documented that the characteristics of _ VO 2 kinetics could reflect more accurately the aerobic response to exercise and thus efficiency. [25] [26] [27] In this study, gas exchanges were measured using the K4b 2 portable gas analyzer (COSMED, Rome, Italy). Respiratory data were collected breath-by-breath during the constant-load transitions of the 2 exercises. For each subject and each exercise, the breath-by-breath data were interpolated to 1-second interval and ensemble averaged to yield to a single response for each subject. Resting data were obtained by averaging the values recorded over the 3-minute rest period before exercise. To reduce the noise, we used a technique of superimposing and averaging values of the 2 sessions performed at the same period of the day. 25, 27 The _ VO 2 on kinetics were evaluated by fitting a monoexponential function to the data:
where Y represents _ VO 2 at any time (t), b is the baseline value of Y ( _ VO 2 b), A is the amplitude of the increase in Y above the baseline value, t is the time constant defined as the duration of time through which Y increases to a value equivalent to 63% of A, and TD is the time delay. The time delay is a parameter that may vary to optimize the fit, representing the time between the onset of exercise and the start of the monoexponential increase of _ VO 2 . Parameters of the model that yielded the lowest sum of squared residuals were determined. In this study, running efficiency (ie, oxygen consumption for a given submaximal speed) was assessed using amplitude of oxygen kinetics 26 (A).
Statistical Analysis
All data are expressed as mean 6 SD. Normality was verified for all data samples using the Kolmogorov-Smirnov test. A 2-way analysis of variance (group 3 period) for repeated measures was performed using oxygen kinetics, running performance, MVC, and EMG values as dependent variables. Size effects were calculated from h 2 values. A P value of #0.05 was accepted as the level of statistical significance for all analyses.
ETHICAL CONSIDERATIONS
Risks and benefits of the study had been described to the subjects; written informed consent was obtained from the participants, and the study was conducted according to the Declaration of Helsinki. This study was approved by the local ethics committee (Nice, France) before data collection.
RESULTS
Total daily energy intake remained unchanged in both the fasting and control groups (135.2 6 8.4 vs 140.5 6 6.2 kJÁkg 21 Áday 21 , respectively). The qualitative components of nutrients were modified in 5 subjects in the Ramadan group with an increase in lipid (5.7 6 1.1%) and carbohydrate (8.5 6 2.2%) intake. Estimated mean daily water intake was approximately 1.2 L, whatever the group throughout the study period.
Body Composition and Maximal Cardiorespiratory Parameters
Body composition and maximal cardiorespiratory parameters for both fasting and control groups are shown in Table 1 . For all parameters, no significant difference was observed between the groups before Ramadan fasting. Furthermore, no effect of Ramadan was observed on body composition or cardiorespiratory parameters in our well-trained subjects. A significant interaction effect (period 3 group) was observed in maximal running speed at _ VO 2 max with a significant decrease in the Ramadan group (212%; P , 0.000; h 
Maximal Voluntary Contraction
No significant difference was observed between the groups before Ramadan fasting, and no effect of Ramadan fasting was observed in MVC. However, a significant interaction effect (period 3 group) was observed in MVC. After fasting, a significant decrease in MVC was observed only in the fasting group (23.2%; P , 0.000; h 2 , 0.80). This decrease in MVC was associated with a decreased MF (25.6%; P , 0.000; h 2 , 0.68) and a decrease in VL RMS (218%; P , 0.000; h 2 , 0.87) ( Table 2) .
Running Economy and Running Performance
Running economy and performance was not significantly different between the groups before Ramadan fasting.
Furthermore, no effect of Ramadan fasting was observed on running efficiency (ie, amplitude of oxygen kinetics). A significant interaction effect (period 3 group) was observed for the time constant of oxygen kinetics with a significant increase in time constant in the fasting group (+51%; P , 0.000; h 2 , 0.72). Furthermore, a significant interaction effect (period 3 group) for performance was also found with a significant decrease in 5000-m running performance in the RIF group (25%; P , 0.000; h 2 , 0.51) associated with an increase in blood lactate values (Table 3) .
DISCUSSION
The main findings from this study were that Ramadan fasting was associated with a significant reduction in 5000-m performance and maximal strength and an increase in the time constant of oxygen uptake kinetics. This result is in agreement with a recent study indicating that Ramadan fasting could lead to a slight but significant decrease in long-distance performance. 5 In the present study, no change in body composition was observed in the well-trained runners as a result of fasting. Although some studies have reported a small body mass loss during Ramadan, 1, 3, 6, 7, 9 possibly associated with dehydration, other studies have reported no change 11 or a possible increase in mass. 13 Such inconsistencies may be related to differences in eating habits previously observed between countries practicing Ramadan.
2,10 The present study involved young healthy Muslims living in France. In these participants, we observed an increase in lipid and carbohydrate intake, whereas others have reported an increase in lipid and protein intake and a decrease in carbohydrate intake.
1,4,10 Thus, food behavior and physical activity of our participants during Ramadan should be taken into consideration when interpreting the results of this study.
To the best of our knowledge, no study has previously examined the effect of Ramadan fasting on maximal voluntary isometric force during leg extension. The detrimental effect of fasting on MVC observed in this study is smaller than those previously reported in upper body muscle during elbow flexion. 3 The lower rate of fatigue observed in this study could be explained by high level of conditioning and leg strength in our participants resulting from previous running training, which could limit the detrimental effect of Ramadan fasting. In our study, the decrease in leg MVC strength could be explained in part by the decrease in MF and the decrease of RMS. Classically, muscle fatigue can be quantified by following the shift in the EMG spectral density toward lower frequencies, using the MF, whereas the decrease in RMS could be explained by the decrease of motor unit firing rate indicating to some extent, a main role of central fatigue. 28 One interesting finding of this study is the effect of Ramadan fasting on oxygen kinetics. During moderateintensity exercise, when performed below the ventilatory threshold, the _ VO 2 response is essentially monoexponential and time constant represents a parameter that describes the rate at which _ VO 2 increases toward the steady state, classically called ''oxygen deficit.'' Thus, for the same amplitude of _ VO 2 kinetics, a short-time constant is often reported as an effect of Values are expressed as mean 6 SD. *When the difference between the previous sessions was significant at P , 0.05.
training that could enhance performance. 27 In our study, no effect was observed on kinetics amplitude (A1); therefore, the greater value for the time constant observed in our study after Ramadan fasting (+16%) results in a later attainment of the same steady state. This could be physiologically important because it means that the lag in _ VO 2 (ie, the oxygen deficit) would be greater, and thus, the requirement for ''anaerobic'' energy provision during the transition from rest to exercise is increased. Therefore, we can hypothesize that performing exercise after Ramadan would lead to an increase in anaerobic metabolism contribution and thus to an increase in metabolites classically associated with the fatigue process (ie, adenosine diphosphate, inorganic phosphate, and hydrogen ions). This hypothesis could also explain the decrease in the maximal speed at _ VO 2 max observed in our study without any changes in running efficiency, economy, or _ VO 2 max. Similarities in running efficiency, economy, and _ VO 2 max found after Ramadan are similar with those reported recently by Aziz et al 5 and indicate that RIF has little effect on aerobic performance.
One limitation of this study has to do with the extent to which the findings can be generalized beyond the cases studied. In our work, we have studied healthy Muslims living and training in France, so RIF, habits, and effects could be slightly different for runners living elsewhere. Second, a large interindividual variability is classically observed in RIF studies, and along with the small sample size, this could be responsible for the lack of any significant effect of RIF on factors classically associated with running performance, such as running economy.
In conclusion, the results of the present study indicate that RIF alters middle-distance performance with a decrease in muscular performance and an increase in oxygen kinetics time constant but without any effects on maximal oxygen consumption or running efficiency. During middle-distance events over 1500-m pacing, strategies could be regulated by the prevailing anaerobic store at each instant of the race. 29 Recently, a model of a central neural governor preventing the risk of anaerobiosis on oxygen-sensitive organs during maximal exercise has been proposed. 30 This ''central governor'' model proposes that the subconscious brain regulates power output (pacing strategy) by modulating motor unit recruitment to preserve body homeostasis. Therefore, an increase in anaerobic contribution and a decrease in muscle strength may lead to different strategies during the race.
During training, middle-distance runners use mainly interval training. 31 Interval training involves repeated short to long bouts of moderate-intensity to high-intensity exercise interspersed with short or long recovery periods, and thus, the form of interval training used elicits differently aerobic or anaerobic metabolism. The detrimental effect of Ramadan fasting on muscle performance or oxygen kinetics needs to be taken into account to choose the appropriate interval training method toward the use of short-interval training that elicits mainly aerobic metabolism with work periods of 10 to 15 seconds interrupted by short rest intervals (15-40 seconds). Values are represented as mean 6 SD. _ VO 2 b is the baseline value of Y, A1 is the amplitude of the increase in Y above the baseline value, and t is the time constant defined as the duration of time through which Y increases to a value equivalent to 63% of A.
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*When the difference between the previous sessions was significant at P , 0.05.
